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REMARKS 

Claims 2, 3, 6, 7, 9, 10, 12, 13, 15, 16, and 18-24 are active in this application. 

At the outset, Applicants wish to thank Examiner Fronda for rejoining method Claims 
20-2 1 to the elected product claims for further examination. Favorable reconsideration of the 
rejections and allowance of all claims is requested in view of the amendments and remarks 
presented herein. 

TherejectionofClaims2,3,6, 7, 9, 10, 12, 13, 15, 16, and 18-21 under 35 U.S.C. §101 
is traversed. 

Applicants agree with the Examiner and Diamond v. Chakrabarty that "in the absence 
of the hand of man, the naturally occurring products are considered non-statutory subject 
matter." However, this is certainly not the case in the present application. Applicants wish to 
draw the Examiner's attention to the claims reproduced above, which specifically state: 
"isolated coryneform bacterium." Applicants know of no other means of isolation, but by the 
hands of man. As such, the present claims are, without question, statutory subject matter. 

Therefore, this ground of rejection is not tenable and should be withdrawn. 

The rejections of Claims 2, 3, 6, 7, 9, 10, 12, 13, 15, 16, and 18-21 under 35 U.S.C. 

§112, first paragraph ("written description" and "enablement"), are respectfully traversed. 
The independent claim as amended herewith is Claim 2, which recites: 
An isolated coryneform bacterium wherein an argR gene on a chromosome of the 

bacterium is disrupted, and the argR gene has the nucleotide sequence shown in SEQ ID NO: 1 7 
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or is obtained from chromosomal DNA of the bacterium by PCR with oligonucleotide primers 
having a nucleotide sequence shown in SEQ ID NO: 15 and SEQ ID NO: 16. 

There is no question that SEQ ID NO: 17 is described in the specification, see, for 
example, the Sequence Listing. Moreover, Applicants note that objected to "degree of 
homology that it can homologously recombine with the nucleotide sequence shown in SEQ ID 
NO: 17" has been amended recite "obtained from chromosomal DNA of the bacterium by PCR 
with oligonucleotide primers having a nucleotide sequence shown in SEQ ID NO: 15 and SEQ 
ID NO: 16." In this regard, Applicants note that the determination of PCR conditions would be 
readily appreciated by one of skill in the art with the present application in hand. Specifically, 
Applicants note that Example 3 (pages 25-30) clearly direct the artisan on how to make and use 
the present invention. As such, Applicants submit that one possessing much less than routine 
skill in the art can practice the present invention. 

For the foregoing reasons, Applicants note that the presently claimed invention meets 
both prongs of the 35 U.S.C. §112, first paragraph, analysis (written description and 
enablement). Therefore, withdrawal of the rejections under 35 U.S.C. §112, first paragraph, is 
requested. 

The rejection of Claims 2,3,6, 7, 9, 10, 12, 13, 15, 16, and 18-21 under 35 U.S.C. §112, 
second paragraph, is believed to be obviated by amendment. 

The phrases that the Examiner has deemed objectionable have been removed from the 
claims. Accordingly, Applicants submit that the claimed invention is definite within the 
context of 35 U.S.C. §112, second paragraph. 

Withdrawal of this ground of rejection is requested. 
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Applicants submit that the present application is now in condition for allowance. Early 
notification of such action is earnestly solicited. 



Respectfully submitted, 

OBLON, SPIVAK, McCLELLAND, 
MAIER & NEUSTADT, P.C. 




Steven G. Baxter 
Attorney of Record 
Registration No. 32,884 



Vincent K. Shier, Ph.D. 
Registration No. 50,552 
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Fax: 703-413-3220 
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ABSTRACT The DNA sequence homology req uir ed for 
recombination in Escherichia coU has been determined by 
measuring the recombination frequency between Insulin DNA 
In a miniplasmid «rVX and a bocnotogoos sequence in a 
bacteriophage X rector, a mipim^ -pf —3ft pairs in a 
coennleieW bomologon s segment fa required for rignfflc ant 
recombination. There b an exponential increase in the fre- 
qoency of ncornbrnaooo when the length of homologous DNA 
b increased from 20 base pairs to 74 base pairs and an 
apparently linear Increase with longer DNA segments. Mis- 
matches within a homologous segm e n t can dramatically de- 
crease die frequency of recombination. Thus, the process of 
recombination b sensitive to the length of precisely base-paired 
segments between f *e* Mn bH i ifrg hflWH4ogue ^ 



Synapsis of DNA molecules during recombination in Esch- 
erichia coli involves the homologous alignment of single- 
stranded DNA with duplex DNA to produce a nascent 
hetcroduplex structure (for review, sec ref. 1). in contrast to 
the presynaptic reaction and to strand exchange, synapsis is 
a rapid process (2, 3). The first stage in synapsis, conjunction 
(4), involves the invasion of duplex DNA by single-stranded 
DNA and is independent of sequence homology; subse- 
quently, during the second stage of synapsis, homologous 
alignment of complementary sequences occurs either by 
facilitated diffusion or by translocation of the DNA molecules 
in a ternary complex with the RecA protein (4). The initial 
structure between paired complementary sequences is 
thought to be a heterodupiex molecule in which the DNA 
strands form hydrogen bonds but are not interwound in a 
stable helix (5). A transient nick then allows mteiwinding of 
the two strands; this converts the unstable hetcroduplex into 
a stable joint molecule. Subsequently, strand exchange 
occurs forming long heterodupiex joints between the DNA 
molecules. 

The degree c<" sequence homology required for alignment 
of complementary strands of DNA during synapsis has not 
been defined. It has been suggested that >30 base pairs (bp) 
arc required for the formation of the recombination inter- 
mediate, because DNA molecules whh 151 bp of homologous 
sequence could be paired, but those with only 30 bp of 
homology could not be paired in vitro by RecA (4). Although 
not dependent on RecA protein. 50 bp of homology appeared 
to be required for the primary pathway of recombination 
between the rll cistroos of bacteriophage T4 (6). Recombina- 
tkxi did occur below this threshold, albeit at tower efficiency 
and perhaps involving a second mechanism (6). To systemati- 
cally assess the dependence of recombination on short 
lengths of homology, we have chemically synthesized 
oligonucleotides containing up to 53 bases of human insulin 
DNA. We have studied the e fleets both of length and of 
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sequence mismatch on the frequency of recombination be- 
tween the p las mid ttVX, containing an easily assayed sup- 
pressor and the synthetic DNA, and bacteriophage X carrying 
the insulin gene. Recombination can then be detected by 
measuring phage growth in an appropriate indicator cell. This 
technique of measuring in vivo recombination wa? developed 
by Seed (7) as a facile method for screening genomic libraries 
in bacteriophage X. We have carried out an analysis of 
recombination with this s* -tern in order to characterize the 
process of homologous recombination in E. coli and also to 
assess the use of ^combinational screening to isolate specific 
genomic DNA sequences. 

METHODS 

Bacteria] Strains and Bacteriophage. E. coU strains 
W3110r"m*, W3110r-m + (P3h W3110r-m + (P3)7rVX, 
NK5486(/acZ amh MC1061(P3), and MC1061(P3)*rAN7 
were provided by Seed (7). The X Charon 4A bacteriophage 
(red' gam~) containing the human insulin gene was Xhll 
described by Bell ei aL (8). The X Charon 4A bacteriophage 
carrying the rat insulin I gene (Xrll) was isolated from the rat 
Sargent library (9) by M. Crerar and, apart from the absence 
of the 6.2-kilobase-pair (kb) EcoRl fragment, is similar to the 
phage rll isolated from this same library by Lomedico et aL 
(10). We confirmed by DNA sequencing that this phage 
contained the authentic rat insulin I gene. 

Syntbesb of Ousonucleotides. The different oligonucleo- 
tides were synthesized for these studies by the phos- 
phoramidite method (11) as described by Urdea et aL (12). 
Oligonucleotides were synthesized beginning with the four 
bases, ACGT. the Pst I cohesive end that was used in 
subcloning (below), followed by bases complementary to 
human insulin. To obtain sequences of various lengths 
complementary to human insulin, aliquots of the silica solid 
support were removed at different steps of nucleotide addi- 
tion between 20 bases and 53 bases (Fig. LA). 

Mmiplasmld Probe Oxkstroctions. To introduce a blunt 
cloning site into the v\X miniplasmid (7), a Hpa I site was 
constructed between the Bgl II and //t/tdlll sites of the 
polylinker. This plasmid is termed irVb. Equimolar amounts 
(75 ng//J) of two synthetic single strands of DNA encoding 
a Hpa 1 site and either a Bgl II or //i/idlll cohesive end were 
annealed by heating to 95°C for 2 min ?.nd cooiing to room 
temperature. They were then ligated in 25-fold molar excess 
with irVX DNA previously cut with Bgl II and Hindlll and 
used to transform MC106KP3) cells. The chemically synthe- 
sized insulin DNA fragments were cloned between this Hpa 
I site and the Pst I site of irVb. The synthetic single-stranded 
DNAs encoding part of the insulin gene were annealed at 
14°C at a molar ratio of 1:5 with a 12-bp oligonucleotide 
complementary to the insulin DNA immediately 5 ' t the Pst 
I cohesive end by beating at 95*C f r 2 min and cooling t 
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room temperature; they were then li gated in 25 -fold molar 
excess to irVb DNA cut with Hpa 1 and Pst 1, filled in with 
Klenow DNA polymerase, and religated. Insulin DNA se- 
quences longer than 53 bp were generated by appropriate 
restriction enzyme digestion of the insulin gene DNA (Fig. 1 
D and £). A 3V- bp Pst I fragment encoding the B chain of 
human insulin was inserted into the Pst I site of 7rVX. The 
other large fragments were generated by cutting the 313-bp 
Pst I fragment with Alu I for the 74-bp and 239-bp pieces or 
with Hae III for the 56-bp and 143-bp fragments and subclon- 
ing these fragments into ttVd cut with Pst I and Hpa I. A 
224-bp Pst I fragment encoding the B chain of anglerfish 
insulin (13) was aJsc subcloned into ttVX. ?rAN7 probes were 
constructed by inserting EeoRI fragments of nVb 
rainiplasmids that contained the polylinker and the synthetic 
insulin DNA into the EcoRI site of irAN7. 

Characterization of ttVd Insulin Constructions. Plasmid 
DNAs were prepared (14) from saturated cultures in L-broth 
containing ampicillin and tetracycline. DNA was digested 
with the appropriate enzymes and the sizes of vector and 
insert Tragments were characterized by polyacrylamide elec- 
trophoresis. To confirm the sequence of the synthetic insulin 
DNA constructions, EcoRI fragments of wVb probes con- 
taining the insulin fragments were subcloned into M13 mp8 
replicauve form DNA. Both strands of each insulin probe 
were sequenced; single-stranded DNA templates, dideoxy- 
sequencing reactions, and sequencing gels were prepared 
essentially as described (15). 

Phage-Flasmkl Recombination. Aliquots of 10* phage were 
used to infect 0.25 ml of overnight cultures of MC1061(P3) 
cells or W3110(P3) cells containing the wVb-insulin 
miniplasmids and plated on single 100- mm plates as described 
by Seed (7). Phage harvested from these plates were plated 
on K803 cells {SupE, SupF) to determine the total number of 
phage and on the sup 0 host, NK5486, to determine the 
number of recombinant phage. The observed frequencies of 
recombination cannot be attributed to different growth char- 
acteristics of recombinant phage, because recombinants 
containing fragments of 20, 53, 143, and 313 bp each exhibited 
a similar burst size and rate of replication. Furthermore, 
since none of the insulin sequences used in the ttVd construc- 
tions contain a chi sequence, this sequence could not have 



contributed to observed differences in recombination fre- 
quency. The phage that grew on the sup 0 host, NK5486, were 
shown to represent bonafide recombinants. All recombinants 
between Xhll and either the 313- or the 20-bp probe (>100 of 
each were tested) made blue plaques on the sup 0 lacZ am host 
in the presence of isopropyl £-D-thiogalactoside and 5- 
bromo-4-chlorc-3-indolyl 0-D-galactopyranoside, thus indi- 
cating the presence of the supF gene. None of the phage in 
these screens was the result of reversion of the amber 
mutations in A or B X phage functions. Where indicated, 
individual plaques formed by bacteriophage containing the 
supF gene were isolated, plate stocks were prepared, and 
DNA was made from these phage (16). 

RESULTS 

Construction of irVb Miniplasmids Containing Short Frag- 
ments of Synthetic Insulin DNA. To study the dependence of 
recombination frequency on the length of homologous DNA, 
we chemically . synthesized oligonucleotides of various 
lengths containing from 16 to 53 bases (Fig. XA). The 
sequences were homologous to human insulin DNA so that 
we could use the human in jlin gene, already present in a X 
bacteriophage vector (8), in this study. The largest synthetic 
fragment, 53 bases, represented nucleotides 500-553 in the 
sequence of human DNA reported by Bell et aL (8) and 
encoded the first 17 amino acids of insulin. The shorter DNAs 
were synthetic intermediates of the 53-base fragment and 
began at its 5' end. 

We cloned the synthetic oligonucleotides into wVb, a 
plasmid derived from the miniplasmid ttVX, which was 
specifically designed for detecting in vivo recombination (7). 
Some of the probes when subcloned into trVb were 
heterogenous both in length and in sequence. For example, 
only 25% of the clones generated from the aliquot removed 
after addition of the 53rd base contained full-length 53-bp 
inserts. Of four 53-bp fragments sequenced, two contained 
the correct 53-bp sequence; one contained a single nucleotide 
deletion at position 25 (tjM-53:A25), and one had a cytosine 
to thymine transition at 17 bp (irhI-53:C->T 17 ). This hetero- 
geneity was likely generated during the oligonucleotide 
synthesis, because the sequences of each of these different 
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FiC. 1. Insulin DNA. (A) Synthetic DNA fragments inserted iuto the irVb miniplasmid- Numbers above the sequence indicate length of the 
insulin DNAs. Alterations from the human insulin sequence are shown. (B) Rat insulin DNA in \ril with mismatches to human insulin DNA. 
(O Sequence of human insulin DNA fragment showing the complement of the synthetic fragment. (£>) Map of human insulin gen^c DNA 
showing the she of the synthetic DNA and restriction enzyme sites used for the generation of fragments inserted into the rnmiplasmjd. (£) PosiUon 
and length of restriction fragments inserted into the miniplasmid. 
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probes were identical in at least two independent subclones 
in M13. These variant sequences have proven useful in 
assessing the effects of specific mismatches on recombina- 
tion frequency. 

Dependence of Recombination Frequency oa Length of 
Homology. The irVb probes containing the synthetic DNAs, 
as well as Iv.tger DNA fragments generated by restriction 
enzyme digestion of the human insulin gene (Fig. 1), together 
with a A Charon 4A vector containing the human insulin gene 
were used to determine the dependence of recombination 
frequency on length of homology. The trVb miniplasmids, in 
addition to the insulin DNA, carry the selectable £. coli 
tyrosine tRNA amber-suppressor gene. supF. Recombina- 
tion in vivo between vVb insulin probes and bacteriophage 
that carry the insulin gene yields bacteriophage carrying the 
supF gene. These recombinant bacteriophage can be readily 
distinguished from other phage by plating on an appropriate 
indicator strain of E. coli lacking the supF gene, such as 
NK5486. This simple plaque assay was used to measure the 
frequency of recombination. 

The frequency of recombination between the irVb plas- 
mids and the X bacteriophage increased with the length of 
homology in a Diphasic manner with a breakpoint at —74 bp 
(Fig. 2). The recombination frequency with probes from 74 to 
313 bp exhibited an approximately linear dependence on 
length; a 3-fold increase in frequency with the 313-bp probe 
was observed when compared to the 74-bp probe. Below 74 
bp there was a dramatic decline in the recombination fre- 
quency with decreasing length of homology. There was a 
reduction by a factor of = 10 in recombination at each step as 
the homologous DNA sequence was reduced from 74 to 53. 
to 30. and to 20 bp (Fig. 2). ^^frhin^j^ frequency of 
~aJ.6-bp probe with Xhll was l/100th that of a 20-bp probe and 
was oot significantly above the background recombination 




0 100 20O 300 

Length of Insulin Probe (base pairs) 

Ftc. 2. Frequency of recombination as a function of length of 
homologous DNA. Tbc frequencies of recombination between insu- 
lin DNA fragments in the miniplasmid and the insulin gene in Xhll 
have been plotted against the length of the insulin DNA in the probe. 
Each experimental point represents a single termination of re- 
combination frequency from separate recombination experiments. 
By straight hoc regression, for lengths from 20 to 74 bp, r - 0,93 by 
using setmtogarithmic analysis: fc< lengths finom 74 lo 313 bp. r « 0.84 
by using scmtogarhhmk analysis, and r = 0.99 by using linear 
analysis. 



between yVb and Ahll {Fig- 2). The p^^mhinat inn with 

of recombinant phage arK ^R from four independent re. 
combination experiments between Xhll and the 31>-bp probe 
or the 20-bp probe were shown to have new restriction 
enzyme sites consistent with the integration of the irVb 
insulin probes at the homologous site in the large EcoRJ 
fragment (12.5 kb) containing the human insulin gene (data 
not shown). 

Similar experiments were carried out with synthetic insulin 
DNA fragments (20, 30, 42, and 53 bp) inserted into the 
related miniplasmid, ttAN7 (7), which replicates to a higher 
copy number. The frequency of recombination between Ahll 
and each sequence in *rAN7 was increased by "= 6-fold over 
the frequency observed with the same sequence in irVX. 
irANl was present at «5-fold higher copy number than wVb 
as assessed by DNA extraction and electrophoresis on 
agarose gels. Thus, recombination frequency apparently 
varies linearly with intracellular DNA concentration. 

Effects of Mismatch on Recombination Frequency. Selected 
mismatches within an homologous stretch of DNA were 
generated either by altering the sequence of the synthetic 
DNA inserted into the -Vb plasmids or by using the rat 
insulin gene instead of the human gene in the X Charon 4A 
vector (Fig. 1 A and B). For these experiments, we first 
showed that there was no variation in in vivo packaging and 
plating efficiency or burst size between the human and rat 
insulin genes in Xhll and Xrll by using a miniplasmid probe 
that contained 20 bp of perfect homology to both the rat and 
human genes. The frequencies of recovery of recombinants 
were similar (2 x 10" 7 ± 0.5, n = 4; 1 x IO" 7 ± 0.3, n = 4; 
P == 0.1). Thus, any differences should be due to the re- 
covnbination frequency of the probe. 

As shown in Table 1, mismatches in the region of DNA 
homology reduced the frequency of recombination. For 
example, a single mismatch in 53 bp reduced the frequency 
of recombination by a factor of 4 (compare nhl:53 X human 
with 7ihl-53:A25 X human and 7rhI-53:C-*T 17 X human, P £ 
0.005; Table 1). Additional mismatches between plasmid and 
phage DNA sequences along this 53 bp were generated when 
these 53-bp fragments encoding the human insulin gene in 
u-Vb were used in similar experiments with the phage 
containing the partially homologous rat insulin DNA. These 
mismatches reduced the frequency of recombination to levels 
below those of plasmid probes whose lengths approximated 

Table 1. Effects of single base nonhomologies on 
recombination frequency 



Recombination event* 
(iml- X gene) 



Stretches of 
homology/ bp 



Frequency of 
recombination 



16 


X rat 


17 


io-» 


33:C-> 


T 17 X rat 


17, 16 


5 x 10" 7 


30 


X human 


30 


4 x 10-* 


74 


X rat 


18 


io- 7 


143 


X rat 


18. 11 


lO" 7 


20 


Xrat 


20 


IO" 7 


30 


X rat 


20, 10 


io- 7 


53:A25 


Xrat 


20. 11 


io-- 


37 


Xrat 


20, 16 


io-* 


53 


Xrat 


20, 16 


10"* 


37 


X human 


37 


IO* 3 


53:C— 


T 1T X human 


36, 16 


io- 5 


53:A25 


X human 


28, 24 


10" 5 


53 


X human 


53 


4 x IO' 5 



"Recombination event describes the length and alterations of the 
human insulin DNA in the minipUsmid irVb, and the insulin gene 
in the bacteriophage; rat (in Xrll) or human (in Xhll). 

t Strrtches of homology >9 bp long. 
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the total length of the remaining two longest homologous 
fragments. As shown in Table 1, recombination between a 
homologous domain of 37 bp (irhI-37 X human) was 10-fold 
greater than recombination between sequences that con- 
tained regions of homology of 20 and 16 bp interrupted by a 
single mismst . (?rhI-53 X rat). A similar relationship was 
observed for recombination between a homologous domain 
of 30 bp (trhI-30 X human) compared to recombination 
between stretches of DNA containing homologous lengths of 
17 bp plus 16 bp (TrhI-53:C-»T 17 X rat) or 20 bp plus 11 bp 
(7rhI-53:A25 X rat). 

By comparing the differences in recombination frequency 
between miniplasmid probes and phage where mismatches 
had been generated, the ability of additional domains of 
homology to affect the frequency of recombination could be 
determined. For example, the frequency of recombination of 
a 17-bp probe was increased 500-fold by the presence of an 
additional 16-bp region of homologous DNA (compare «hl-16 
X rat with 7rhI-53:C-»T 17 X rat; Table 1). This increase in 
frequency was much greater than the summation of the 
recombination frequency with the homologous 17- and 16-bp 
fragments. Furthermore, the length of this additional domain 
of homologous DNA is critical. For example, the addition of 
either 10- or 11-bp fragments of homology did not affect the 
recombination frequency of 18- or 20-bp fragments (Table 1). 
Fragments that are 16 bp long, however, did substantially 
increase the recombination frequencies of the 17- and the 
20-bp probes. In addition, a 24-bp fragment increased the 
recombination frequency of a 28-bp fragment (7ihI-53:A25 X 
human) when compared to the recombination frequency of a 
30-bp fragment (TrhI-30 X human). It appears, however, that 
the degree of influence of the second domain varies inversely 
with the length of the first. Whereas the 16-bp domain 
increased the recombination frequency of the 17-bp probe by 
500-fold and that of a 20-bp probe by 10-fold, the addition of 
a 16-bp domain of homology did not affect the recombination 
frequency of a 36-bp fragment. The recombination frequency 
with the human insulin gene of uhI-53:C-*T 17 was the same 
as that of irhI-37 (Table 1). 

Over short distances, the distance between domains does 
not appear to influence the critical length of the second 
domain. As shown in Table 1, the lack of effect of 10- and 
11-bp regions of homology on a 20-bp fragment occurred 
whether the regions were separated by one mismatch (7rhI-30 
X rat) or by 6 bp, including two mismatches (7rhI-53:A25 X 
rat). Conversely, a 16-bp fragment greatly increased re- 
combination frequencies when separated by 4 bp from a 
17-bp fragment (7rhI-53:C-*T 17 X rat) or by 1 bp from a 20-bp 
fragment (wfaI-37 X rat and whl-53 X rat). 

Use of Recombination to Isolate Partially Homologous Genes 
from Genomic Libraries. Recombinants between the human 
insulin probe (7rhl-313) and the rat insulin gene (Xrll) were 
isolated at a frequency of 10" 6 , l/600th the frequency of the 
recombinants between *rhl-313 and the homologous human 
gene. This recombination frequency is consistent with the 
degree of homology between the rat and human insulin DNA 
sequences: there are only three stretches of homology >11 
bp: 19 bp, 18 bp, and 16 bp. This 313-bp human DNA probe 
in the irVX rniniplasrnid recombined with similar efficiency to 
a synthetic 37-bp DNA sequence containing two regions of 
homologous DNA 20 and 16 bp long. The many additional 
small regions of homology within the 315-bp sequence of the 
rat and human genes contributed little to recombination 
frequency. 

Recombinants between the anglerfish insulin probe and 
Xhll were isolated at a frequency of 3 x 10" 9 . This is also 
consistent with the limited homology between the anglerfish 
and human insulin DNA sequences. For example, over the 
90-bp stretch of DNA coding for their respective B-chain 
peptides, homology is 72%; however, no more than 10 
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consecutive base pairs ar? identical. As would be predicted 
from this low frequency of recombination, we did not recover 
any recombinants between the anglerfish insulin probe and 
phage containing the human insulin gene in 10 different 
screens of a human X Charon 4A genomic library (17). Using 
the 313-bp human insulin probe, however, the phage Xhll 
containing the insulin gene was readily obtained from the 
same genomic library. Recombinants between the anglerfish 
insulin probe and phage that did not contain the human 
insulin gene were, however, isolated in these experiments. 
Since we observed recombination between the rniniplasrnid 
without an insert and Xhll at a frequency of =»10" 9 f the 
anglerfish-human recombinants may result from this back- 
ground of illegitimate recombination. We have also observed 
that not all phage containing homologous sequences are 
isolated in a library screen. For example, we did not recover 
Xhi2 (8) in screens of the human genomic library with the 
313-bp human insulin probe. This could have been due to an 
underrepresentation of this particular isolate upon amplifica- 
tion of the library or to the constraints of DNA length on 
packaging after recombination. 

DISCUSSION 

To determine the requirements of recombination in £. coli for 
sequence homology, we have used an assay that measures 
the frequency of recombination between sequences cloned 
into a rniniplasrnid, irVX, and bacteriophage X. This system 
was originally developed by Seed (7) as a facile method for 
screening genomic libraries for isolates carrying homologous 
genomic DNAs. Our studies provide additional information 
about the parameters required for using recombination to 
isolate bacteriophage containing DNA homologous to se- 
quences in the plasmid. At least 74 bp of homologous 
sequence is required to maximize recombination frequency 
and to minimize the constraint on phage DNA length imposed 
by packaging. Seed (7) also suggested that cross- species 
probes might be used to isolate families of related genes. Our 
results using synthetic DNAs and insulin DNA from three 
different species suggest that application of rniniplasrnid 
screening for the isolation of only partially homologous genes 
is limited because the effect of mismatches on recombination 
is so marked. A correlation of recombination frequency with 
the presence of stretches of perfect homology rather than 
percentage of homology over longer stretches of DNA 
explains the recombination between different globin genes 
measured by Seed (7). These parameters, which govern 
recombination between plasmid and bacteriophage, are also 
likely to be applicable to the method of recombinationally 
screening cosmid libraries described by Poustka et al. (18). 

We were able to discern several features of the dependence 
of recombination in E. coli on the length of sequence 
homology. We found that the minimum length of homology 
necessary to effect homologous recombination is only slight- 
ly longer than the length required for the stable interaction of 
DNA-DNA duplexes (19) and for the occurrence of a 
genetically unique oligonucleotide in the £*. coli chromosome 
(20). Significant recombination could be detected only when 
homologous regions of the DNA molecules were at least 20 
bp long; 17 bp was not enough. A significant increase in the 
recombination frequency by a second domain required «16 
bp of homology; 11 bp was inadequate. For lengths >15 
nucleotides, the incremental increase in Tm (the temperature 
of the midpoint of the thermal denaturation transition) for an 
oligonucleotide length increase of one nucleotide is very 
small in vitro (19); it would seem reasonable to assume that 
somewhat similar conditions exist in vivo. Thus, it appears 
unlikely that the large increment in recombination frequency 
from 16 to 20 bp can be attributed solely to DNA duplex 
stability. Perhaps the additional homology is required for the 
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formation of a stable recombination complex comprised of 
protein(s) as well as DNA. The length of homologous DNA 
we observed to be necessary for efficient recombination was 
also longer than the length (12 bp) of a sequence that has a 
predicted frequency of <1 of rcoccurring by chance else- 
where in the E. coli genome (20). The marked reduction in 
recombination frequency from 20 to 16 bp of homology 
observed in our experiments might therefore suggest that the 
enzyme system involved in recombination has evolved to 
prevent nonhomologous recombination. On a statistical ba- 
sis, a system requiring 20 bp of homology has 1/ 1000th the 
chance of rccombining heterologous molecules than a system 
requiring only 15 bp of homology (ref. 21; see also ref. 20). 
The importance of a minimum recognition length for homolo- 
gous pairing in guarding against the mistake of nonhomolo- 
gous recombination has previously been recognized (20). 

Although a stretch of only 20 bp of homologous DNA 
appears to be the minimum required for recombination 
between p las mid and phage in E. coh\ our results suggest that 
efficient recombination requires ~75 bp of homology. The 
frequency of recombination increases exponentially from 20 
to 74 bp; at >74 bp, the frequency of recombination exhibits 
an approximately linear dependence on length. Thus, be- 
tween 74 and 313 bp, the frequency of recombination appears 
to be directly proportional to the number of sites available for 
recombination, TTiese results are similar to those of Singer et 
at. (6) who observed a linear dependence on length of 
homology between 50 and 200 bp for recombination in a T4 
bacteriophage system. The recombination frequency be- 
tween deletion mutants of bacteriophage T4 extrapolated to 
zero recombination at **S0 bp of homology and the re- 
combination frequency between bacteriophage T4 and plas- 
mids containing bacteriophage T4 DNA was significantly 
above background when the lengths of homologous DNA 
were 76 but not 53 bp (6). These results agree with our 
observation of a sharp reduction in recombination frequency 
below 74 bp of homology. 

Although all the components of the recombination complex 
are not known, current models of recombination (22) would 
suggest the involvement of RecA protein, perhaps in associa- 
tion with a helix -destabilizing protein and topoisomerase. A 
dependence oo RecA has previously been reported for this in 
vivo recombination between miniplasmid and bacteriophage 
X (7). We have also observed a requirement for RecA in the 
present system. The frequency of recombination between the 
313-bp probe in «VX and the human insulin gene in XSep6A 
was reduced »70% in a deficient RecA strain (unpublished 
data). In vitro analysis of the RecA-dependent homologous 
DNA pairing (4) showed that 151 bp of homology between 
phage M13 and G4 DNA was adequate for homologous 
pairing but 30 bp was not. In our experiments, DNAs with a 
30-bp homologous segment recoenbtned 1/ 100th as well as 
DNAs with 150 bp of homology. Thus, synapsis between 
30-bp homologous fragments may have been too infrequent to 
be detected in the in vitro experiments. 

The exponential decrease in recombination frequency from 
74 to 20 bp could reflect reduced binding of any of the 
components of the recombination complex, but involvement 
of a second less efficient pathway of recombination is not 
ruled out. Two pathways of recombination that involve the 
RecA protein, the RecBC pathway and the RecF pathway. 



have been described (23). It is possible that one of these 
pathways is utilized for recombination between DNA mol- 
ecules containing only short regions of homology, while the 
other pathway more efficiently catalyzes recombination be- 
tween DNA molecules with longer stretches of homology. By 
making use of appropriately mutated bacterial strains, the 
role of each of these pathways in pLasmid— phage recombina- 
tion could be assessed. 
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